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Cotton (Gossypium spp.) is one of the most important eco-
nomic crops and exhibits yield-improving heterosis in specific
hybrid combinations. The genic male-sterility system is the
main strategy used for producing heterosis in cotton. To better
understand the mechanisms of male sterility in cotton, we car-
ried out two-dimensional electrophoresis (2-DE) and label-free
quantitative proteomics analysis in the anthers of two near-iso-
genic lines, the male-sterile line 1355A and the male-fertile line
1355B. We identified 39 and 124 proteins that were significantly
differentially expressed between these two lines in the anthers at
the tetrad stage (stage 7) and uninucleate pollen stage (stage 8),
respectively. Gene ontology-based analysis revealed that these
differentially expressed proteins were mainly associated with
pyruvate, carbohydrate, and fatty acid metabolism. Biochemical
analysis revealed that in the anthers of line 1355A, glycolysis was
activated, which was caused by a reduction in fructose, glucose,
and other soluble sugars, and that accumulation of acetyl-CoA
was increased along with a significant increase in C14:0 and
C18:1 free fatty acids. However, the activities of pyruvate dehy-
drogenase and fatty acid biosynthesis were inhibited and fatty
acid �-oxidation was activated at the translational level in
1355A. We speculate that in the 1355A anther, high rates of
glucose metabolism may promote fatty acid synthesis to enable
anther growth. These results provide new insights into the
molecular mechanism of genic male sterility in upland cotton.

Cotton (Gossypium spp.), one of the most important eco-
nomic crops, shows strong heterosis in specific hybrid combi-
nations (1). The genic male-sterility system has been consid-
ered as a main way to generate heterosis (2, 3). Therefore,
understanding the molecular mechanism of male sterility is
important for better utilizing heterosis in cotton breeding. The
male-sterile line 1355A of cotton belongs to the single-gene

recessive genic male-sterile (GMS)2 system, with stable ste-
rility and an obvious sterile phenotype, suggesting that it is
ideal for studying the sterile molecular mechanism of genic
male sterility and developing hybrid cultivars. Our previous
RNA-seq analysis of the male-sterile line 1355A and the fer-
tile line 1355B indicated that a thicker nexine and a lack of
the spines are the hallmark of the pollen wall of 1355A, and
defective metabolic events, particularly fatty acid metabo-
lism, affect pollen wall formation in 1355A (4). However,
relatively little is known about the mechanism of 1355A male
sterility at the translation level.

In flowering plants, anther development involves a series
of complex events (5, 6), such as anther wall development (7,
8), pollen mother cell meiosis (9), pollen wall development
(10 –12), pollen mitosis (13), anther dehiscence (14), and
pollen germination (15). During this process, every event
requires large amounts of nutrients. Therefore, basic meta-
bolic events play an essential role in the anther development
(16). A recent study has indicated that sugar metabolism and
lipid metabolism are important for anther development (17),
especially in pollen wall development. The pollen wall acts as
a protector of the haploid male sperm cells and a genetic
barrier, and its fundamental structure is generally conserved
but with variable surface morphology. The pollen wall is
believed to have played a vital role in land colonization by
plants (18).

The pollen wall can be divided into two layers: the intine and
the exine (19), which are constituted by distinct components
derived from different cells. The intine is composed of cellu-
lose, hemicellulose, pectin polymers, hydrolytic enzymes, and
hydrophobic proteins derived from the microspores them-
selves (20 –22), and the exine consists of sexine and nexine,
which are primarily composed of sporopollenin, fatty acid
derivatives, and phenolics derived from the tapetum (23–25).
However, some research indicates that the nexine is composed
of arabinogalactan proteins (26, 27). Hence, there has been no
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studies have also indicated that the extracellular hydrolysis of
sucrose plays a critical role in pollen development (28), and the
accumulation of starch is important for pollen fertilization (29),
whereas different carbohydrates have differential effects on
pollen germination (30). These facts suggest the importance of
sugar metabolism in plant sexual reproduction. Lipid metabo-
lism also plays an important role in plant sexual reproduction.
During pollen development, the pollen wall is rich in lipids, and
a number of enzymes catalyzing the metabolism of fatty acids
and their derivatives are required for sporopollenin biosynthe-
sis (22, 31–33). For example, the fatty acids are hydroxylated by
cytochrome P450 (CYP704B1) (34, 35). This is following by the
conversion of hydroxylauric acid to hydroxylauryl-CoA by acyl-
CoA synthetase (ACOS5) (36), and then the hydroxylauryl-
CoA is converted to fatty alcohols (18) by the fatty acyl-ACP
reductase (MS2), finally producing the sporopollenin mono-
meric constituents.

Here, we report a proteomic profiling analysis of anther
development in the recessive genic male sterile two-type lines
(1355A and 1355B). To avoid the limitations of conventional
two-dimensional electrophoresis (2-DE) in descriptive pro-
teomics (37, 38), label-free quantitative and 2-DE proteomic
analyses were performed simultaneously on 1355A and 1355B
anthers during the tetrad stage (stage 7) and uninucleate pollen
stage (stage 8). By identification of differentially expressed pro-
teins, we found evidence that sugar metabolism pathways are
altered in 1355A male sterility, particularly the pathways of gly-
colysis and the tricarboxylic acid (TCA) cycle. Further physio-
logical and biochemical studies indicated that the reduced con-
tents of sugars, and increased content of acetyl-CoA and the
free fatty acids C14:0 and C18:1 play a central role in 1355A
male sterility.

Results

Based on the distinctive morphological and cellular land-
marks observed under the light microscope, anther develop-
ment can be divided into 14 stages in cotton (4). A morpholog-
ical comparison of the flower bud between 1355A and 1355B
lines revealed that the flower buds were normal at tetrad stage
(stage 7) and uninucleate pollen stage (stage 8) in 1355A plants
(Fig. 1, A and B). The anther cross-sections of recessive genic
male-sterile (RGMS) two-type lines (1355A/B) were excited
with a 488-nm laser, and compared at stages 7 and 8. Consistent
with previous observations, no detectable differences were
found between the 1355B and 1355A anthers before stage 7
(Fig. 1, C–F). At stage 8, the microspores of 1355B plants were
normal with the formation of exine with spines, and fluorescent
signals were detected in the tapetal cells (Fig. 1G). In contrast,
the 1355A microspores were shrunken in appearance with
exine lacking of spines, and fluorescent signals were not
detected in the tapetal cells (Fig. 1H). Consistent with the pre-
vious study, the major cellular defects in 1355A were thicker
nexine and lack of spines on the exine at stage 8 (4). To further
understand the molecular basis of male sterility in 1355A, a
comparative proteomics analysis was performed between
1355A and 1355B plants.

Proteomics analysis and identification of proteins related to
1355A male sterility

Proteins were isolated from the anthers of 1355A and 1355B
plants at stages 7 and 8, to identify differentially expressed pro-
teins (DEPs), using 2-DE gels. Approximately 1250 protein
spots were detected on each 2-DE gel. Among these protein
spots, a total of 92 significant DEPs were detected during the
two stages of anther development in the 1355A anthers com-
pared with 1355B anthers, with a threshold p � 0.05 and fold-
change �2 or �0.5 (Fig. S1). However, only 47 significant DEPs
were successfully identified using MALDI-TOF/TOF, among
which 39 were selected for further study because they had
MS/MS results (Fig. 1, I and J, and Fig. S2). Compared with
1355B anthers, three DEPs were up-regulated, whereas 28
DEPs were down-regulated at stage 7, and four DEPs were up-
regulated, whereas nine DEPs were down-regulated at stage 8 in
1355A anthers (Fig. 2A). Obviously, there were more down-
regulated DEPs than up-regulated DEPs at the two anther
development stages.

The total number of DEPs was 31 at stage 7 and 13 at stage 8,
respectively (Fig. 2B), indicating that the DEPs at stage 7 may be
more important than those at stage 8 for revealing the mecha-
nism of male sterility. To understand the potential function of
these identified DEPs, we used BLASTp to search against the
database of uniprot-Gossypium and SwissProt, and as a
result, 39 DEPs were annotated (Table S1). Most of the iden-
tified DEPs were glucose metabolism-related and fatty acid
biosynthesis-related. Only five DEPs, namely protein-disul-
fide isomerase (A0A0B0PR82), pectin lyase-like superfamily
protein (A0A0D2NIW7), lactoylglutathione lyase (D2D330),
proline iminopeptidase (A0A0D2SUJ1), and putative 6-phos-
phogluconolactonase 4 (A0A0B0NNT9), were present in both
stages.

To avoid the deficiency of the 2-DE MS-based approach,
label-free methods were employed to identify the DEPs by using
the anthers of 1355A and 1355B plants at stage 7. A total of 2399
proteins were detected (Table S2), and 1827 (76%) proteins
were quantified. Among these proteins, 38 significant DEPs
were detected at stage 7 between the 1355A and 1355B plants
(p � 0.05 and fold-change of �2 or �0.5) (Fig. S3 and Table S3),
and 64 proteins were only detected in the anthers of 1355A
plants, whereas 22 proteins were exclusively found in the
anthers of 1355B plants (Table S4). Cluster analysis of these 124
DEPs showed that more DEPs (80 of the total 124) were down-
regulated (Fig. S4, A and B). To evaluate their potential func-
tions, gene ontology (GO) analysis was performed on the DEPs
(Table S5). In terms of annotated biological processes, “carbo-
hydrate metabolic process” (eight DEPs) and “polysaccharide
catabolic process” (two DEPs) were highlighted (Fig. S5A), and
three different protein–protein interaction networks were
identified by bioinformatics analysis (Fig. S5B and Table S6).
Among the three protein–protein interaction networks, two
(including 15 proteins) were involved in the carbohydrate met-
abolic process. These results suggest the carbohydrate metab-
olism pathways are important for male sterility, consistent with
the results of 2-DE.
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Pyruvic acid metabolism pathways were highlighted by
differentially expressed genes and proteins in 1355A anthers

The expression profiles of genes and proteins in 1355B
and 1355A anthers were compared by RNA-seq (4), 2-DE, and
label-free proteomics. This integrated analysis revealed that
26 DEPs were differentially expressed at both transcriptional
and translation levels (Tables S7 and S8), whereas only
the dihydrolipoyl dehydrogenase gene (D2D319, A0A1U8LE96,
A0A1U8N0F2, A0A1U8I2X7, A0A1U8HRQ0, A0A1U8I8M9,
A0A1U8I2Z2, A0A1U8HZA4, A0A1U8I2Y0, A0A1U8HXP6,
Lpd1), and the pectin lyase-like superfamily gene (A0A0D2NIW7,
homologous to QRT3 in Arabidopsis thaliana) showed consis-
tent variation between the transcriptional and translational

Figure 1. Characterization of flower buds and anthers for 1355B and 1355A lines at stages 7 and 8, and representative 2-D gels. A and B (with petals
removed) show there are no significant differences between 1355A and 1355B buds morphologically. C–H, locules from the anther section of 1355B (C, E, and
G) and 1355A (D, F, and H) plants during stages 7 and 8. C–F, stage 7, there were no detectable differences between the 1355B and 1355A anthers; G and H, stage
8, the fluorescent signals were not detectable in the tapetal cells of 1355A microspores. C and D were under bright field. E–H were under light excited with a
488-nm laser. I and J, protein spots down-regulated (I) and up-regulated (J) during analyzed stages as indicated in the representative 2-DE maps. The
differentially expressed proteins were labeled with the black arrows in the images. Tds, tetrads; T, tapetal layer; Msp, microspores; DMsp, degenerated
microspores. Bars � 1 cm in A and B, and 50 �m in C–H.

Figure 2. Statistical analysis of DEPs between 1355A and 1355B. A, num-
ber of DEPs that were up- or down-regulated in different stage anthers. B,
shows the relationship of DEPs in two pollen development stages using a
Venn diagram. The central region corresponds to the expressed proteins that
are present in two stages.

Proteomic analysis of male-sterile line 1355A of cotton

J. Biol. Chem. (2019) 294(17) 7057–7067 7059

http://www.jbc.org/cgi/content/full/RA118.006878/DC1


levels at stages 7 and 8. In particular, at both levels, the dihydro-
lipoyl dehydrogenase protein was down-regulated at stage 7,
and the pectin lyase-like superfamily protein was down-regu-
lated at both stage 7 and stage 8 in the anthers of the 1355A
plant. These two proteins are involved in carbohydrate meta-
bolic pathways. The expression of ACT7 (Q7XZJ4, actin 7) was
also consistent at both transcriptional and translational levels,
and was down-regulated at stage 8. These results indicate that
the expression of most genes was different between transcrip-
tion and translation levels but that of the genes related to the
pyruvic acid metabolism pathway were consistent at both levels
in the anther of male-sterile line 1355A.

Activated glycolysis in the 1355A anther disrupted sugar
metabolism but showed no effect on starch deposition

Pyruvic acid is generally derived from glycolysis, and abnor-
mal pyruvate metabolism is usually related to abnormal glycol-
ysis. In our proteomic profiling of anther development in
1355A and 1355B, we identified subsets of DEPs participating
in multiple branches of the sugar metabolism pathway, includ-
ing the pentose phosphate pathway, glycolysis/gluconeogene-
sis, pyruvate metabolism, and TCA cycle. One pentose phos-
phate pathway DEP, 6-phosphogluconate dehydrogenase
(G6PD, ssp7623, A0A0D2NC79), was down-regulated at
stage 7 in the 1355A anthers. Five glycolysis/gluconeogenesis
DEPs, namely triose-phosphate isomerase (TPI, ssp2201,
A0A0B0NWY7), pyruvate kinase (PK, ssp2703, A0A0D2QG19),
fructose-bisphosphate aldolase (FBA, A0A1U8PN62), fructoki-
nase (FRK, D2D2Z5), and glyceraldehyde-3-phosphate dehy-
drogenase (GAPD, A0A1U8LHS6), were identified. The TPI
was down-regulated at stage 7 in the 1355A anthers, whereas

the FBA, FRK, and GAPD were up-regulated at stage 7. The PK
was up-regulated at stage 8. The results from both 2-DE and
label-free methods suggest that glycolysis is activated in the
1355A anther, which might be a factor contributing to the
sterility.

The contents of sucrose, fructose, glucose, and other soluble
sugars in 1355A/B anthers at stages 7 and 8 were determined.
Compared with those in 1355B anthers, the soluble sugar con-
tents were slightly and significantly decreased in 1355A anthers
at stages 7 and 8, respectively (Fig. 3A). The sucrose content
showed slight decreases (Fig. 3B), whereas the fructose content
significantly declined in 1355A anthers at both stage 7 and stage
8 (Fig. 3C). The glucose content slightly and significantly
decreased in 1355A anthers at stages 7 and 8, respectively (Fig.
3D). These results show that sugars are lower in the 1355A
anthers. In addition, periodic acid-Schiff (PAS) staining was
carried out to stain the anther cross-sections of 1355A/B plants
at stages 7 and 8. At stage 7, strong positive staining was
detected in the tapetal layer of the 1355B anther (Fig. 3E),
whereas weak positive staining was detected in the tapetal layer
of the 1355A anther (Fig. 3G). However, weak positive staining
was detected in the tapetal layer of both the 1355B and 1355A
anthers at stage 8 (Fig. 3, F and H). These results imply that the
tapetal layer of 1355A anthers has a lower content of sugars
than that of 1355B anthers at stage 7, indicating that the acti-
vated glycolysis in 1355A anthers increases the consumption of
sugars.

Punctiform staining was observed in the epidermis and
endothecium of both 1355B and 1355A anthers at stages 7 and
8 by PAS staining (Fig. 3, E–H), indicating the occurrence of

Figure 3. Sugar composition in 1355A and 1355B anthers during stages 7 and 8. A, soluble sugar content. B, fructose content. C, sucrose content. D,
glucose content. E–H, PAS staining of anther cross-sections in 1355A plants compared with those of the 1355B plants. E and G were stage 7, showing strong
positive staining detected in the tapetal layer of 1355B anther (E) compared with the 1355A anther (G). F and H were stage 8, showing no significant difference
between 1355A (H) and 1355B (F) anthers. Tds, tetrads; T, tapetal layer; Msp, microspores; DMsp, degenerated microspores. Bars � 50 �m. The asterisks indicate
statistically significant differences between the 1355A and 1355B plants (*, p � 0.05 and **, p � 0.01, Student’s t test).
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starch deposition. I2-KI staining was also performed on the
1355A/B buds during stages 7 and 8, and no detectable differ-
ences were observed between 1355A and 1355B buds (Fig.
S6A). In addition, no differences were found in the level of
starch between 1355A and 1355B anthers (Fig. S6B). Further-
more, Lugol solution was used to stain the anther cross-sec-
tions of the 1355A/B plants at stages 7 and 8 to detect where
starch was accumulated. Punctiform staining was observed in
the epidermis and endothecium of both 1355B and 1355A
anthers (Fig. S6, C–F), consistent with the results of PAS stain-
ing. In conclusion, there were no detectable differences in
starch content and distribution between 1355B and 1355A
anthers (Fig. S6, C–F).

Oxidative decarboxylation of pyruvic acid to acetyl-CoA was
enhanced in 1355A anthers

As the most important product of glycolysis, pyruvic acid is
involved in the conversion of sugars to fatty acids. Comparison
of the transcription and translation level in 1355A/B anthers
shows that one pyruvate metabolism DEP, dihydrolipoyl dehy-
drogenase, was down-regulated at stage 7 at both levels. As a
part of the mitochondrial pyruvate dehydrogenase complex,
dihydrolipoyl dehydrogenase plays an important role in cata-
lyzing the oxidative decarboxylation of pyruvate to acetyl-CoA,
linking glycolysis to the TCA cycle and fatty acid synthesis (39).
The activity assay of pyruvate dehydrogenase complex was
investigated. The results show that pyruvate dehydrogenase
activity was slightly reduced at stage 7 but significantly reduced
at stage 8 in 1355A anthers compared with in 1355B anthers
(Fig. 4A). We speculate that the reduced pyruvate dehydroge-

nase activity might be due to the reduction of dihydrolipoyl
dehydrogenase protein. Therefore, the contents of pyruvic acid
and acetyl-CoA were measured. The content of pyruvic acid
was significantly reduced (Fig. 4B), whereas that of acetyl-CoA
was remarkably increased in 1355A anthers compared with that
in 1355B anthers at stage 7 (Fig. 4C). These results imply that
the consumption of pyruvic acid derived from activated glycol-
ysis leads to the accumulation of acetyl-CoA, and then feedback
inhibits the pyruvate dehydrogenase activity through down-
regulating the expression of dihydrolipoyl dehydrogenase gene.

Accumulation of acetyl-CoA mainly promoted the free fatty
acid synthesis at early anther stage in 1355A

Acetyl-CoA links glycolysis to the TCA cycle and fatty acid
synthesis (39). In our proteomic profiling of anther develop-
ment in the recessive genic male-sterile two-type line (1355A
and 1355B), we found that three TCA cycle DEPs, namely suc-
cinate dehydrogenase (SDH1-1, ssp6709, A0A0B0MGU4)
and two citrate synthases (CSY4, ssp8508 and ssp8520,
A0A0B0NIU5), were down-regulated at stage 7 in 1355A
anthers. ATP is the main product of the TCA cycle. However,
no significant differences in ATP content were detected
between 1355A and 1355B anthers at stages 7 and 8 (Fig. 4D).
These results show that the energy balance in 1355A anthers
was not disrupted by the down-regulated expression of citrate
synthase and succinate dehydrogenase, which counteract the
effect of acetyl-CoA accumulation.

We speculated that the accumulated acetyl-CoA flows to free
fatty acid synthesis. To confirm this, the free fatty acid contents
were measured in 1355B and 1355A anthers at stages 7, 8, and
12 by GC-MS. Consistent with the increased content of acetyl-
CoA, the C14:0 contents were significantly increased in the
1355A anthers at stage 7, but significantly decreased at stage 12
(Fig. 5A). There were no significant differences in C16:0 and
C18:0 contents between 1355B and 1355A anthers during the
stages analyzed (Fig. 5, B and C). The C18:1 content signifi-
cantly increased in the 1355A anthers at stage 7, whereas only
slightly increased at stages 8 and 12 (Fig. 5D). The C18:2 con-
tents were slightly reduced at stage 8, whereas significantly ele-
vated in the 1355A anthers at stage 12 (Fig. 5E). The C18:3
contents of 1355A anthers were significantly increased at stage
8, whereas slightly and severely reduced at stages 7 and 12,
respectively (Fig. 5F). Meanwhile, in our proteomic profiling,
two DEPs participating in fatty acid biosynthesis, namely
Biotin carboxylase 1 (CAC2, ssp5602, A0A0B0PP77) and 3-hy-
droxyacyl-(acyl-carrier-protein) dehydratase (FabZ, ssp5012,
A0A0B0MEY6), which participate in de novo fatty acids synthe-
sis, were down-regulated at stage 7 in the 1355A anthers. One
fatty acid metabolic DEP, namely ACS-like protein (long chain
acyl-CoA synthetase 4-like protein, Q2I824), which partici-
pates in fatty acid �-oxidation, was up-regulated at stage 7 in
the 1355A anthers. One lipid transfer DEP, namely, the non-
specific lipid-transfer protein (A0A1U8NKZ7), was up-reg-
ulated at stage 7 in the 1355A anthers. These results suggest
that the fatty acid synthesis pathway might be inhibited and
the long chain fatty acid (�C12) �-oxidation pathway might
be activated. Thus, it could be speculated that the accumu-
lation of acetyl-CoA in 1355A anther leads to the accumula-

Figure 4. Comparison of the enzyme activity between 1355A and 1355B
anthers during stages 7 and 8. A, pyruvate dehydrogenase content; B, pyr-
uvic acid content; C, acetyl-CoA content; D, ATP content. Values are the
mean � S.D. for three biological replicates.
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tion of the C14:0 and C18:1, which then the feedback inhibits
fatty acid biosynthesis through down-regulating the expres-
sion of the CAC2 and FabZ proteins, and activates fatty acid
�-oxidation through up-regulating the ACS-like protein.

Discussion

Glycolysis, pyruvate metabolism, and tricarboxylic acid cycle
pathways are involved in 1355A male sterility

Heterosis utilization is an effective strategy to improve
cotton yield and quality more efficiently (1). Increases in
labor cost have greatly raised the cost of the artificial emas-
culation system in the exploration of cotton heterosis.
Therefore the genic male-sterility system has been consid-
ered as a potentially more effective way to generate heterosis
in cotton (40, 41). Clarification of the molecular mechanism
for genic male sterility in cotton is critical for the selection of
a useful male-sterility line. Based on our previous study, the
major cellular defect in the 1355A pollen is a thicker nexine
(4). Nevertheless, the precise mechanism of 1355A male ste-
rility remains elusive. To identify DEPs and associated bio-
chemical pathways between the male sterile 1355A and
the male fertile 1355B, proteomic analysis was performed.
We found that glycolysis was activated by increased ex-
pression of FRK (D2D2Z5), FBA (A0A1U8PN62), GAPD
(A0A1U8LHS6), and PK (PK, ssp2703, A0A0D2QG19), and
decreased expression of 6-phosphogluconate dehydroge-
nase (G6PD, ssp7623, A0A0D2NC79) and TPI (ssp2201,
A0A0B0NWY7) in 1355A anthers. Furthermore, the expres-
sion of three TCA cycle-related proteins, succinate dehydro-
genase (SDH1-1, ssp6709, A0A0B0MGU4) and the citrate
synthase (CSY4, ssp8508, and ssp8520, A0A0B0NIU5), was
down-regulated in 1355A anthers. The fatty acid synthesis
pathway was also inhibited by decreased expression of biotin
carboxylase 1 (CAC2, ssp5602, A0A0B0PP77), whereas the
long chain fatty acid oxidation pathway was activated by
increased expression of the long chain acyl-CoA synthetase
4-like protein (Q2I824) (Fig. 6).

Accumulation of acetyl-CoA may feedback to inhibit pyruvate
dehydrogenase in the 1355A anther

Carbohydrates are the basic energy source and have a signif-
icant impact on the reproductive development of plants (42).
Glycolysis, mitochondrial TCA cycle, and mitochondrial elec-
tron transport are three pathways in respiration, which are
essential for various kinds of biological processes, such as
anther development (43–45). In our study, anaerobic oxidation
of carbohydrate (glycolysis) was activated, and aerobic oxida-
tion of carbohydrate (TCA) and the pentose phosphate path-
way were inhibited in the 1355A anther (Fig. 6). Acetyl-CoA is
the key node of glycolysis and the TCA pathway. Our results
show that the acetyl-CoA content was increased in 1355A
anthers, consistent with the results of proteomics analysis (Fig.
4C). Sugar analysis showed that the contents of fructose, glu-
cose, and soluble sugar significantly decreased in 1355A
anthers, particularly for fructose (Fig. 3). At stage 7, fructose
catabolism was activated by increased expression of FRK
(D2D2Z5), which may explain the significant decrease in fruc-
tose and slight decrease in glucose in 1355A anthers at stage 7.
At stage 8, glycolysis was activated by increased expression of
PK (ssp2703, A0A0D2QG19), accompanied by significant
decreases in the contents of soluble sugar, fructose, and glucose
in 1355A anthers. Previous research has indicated that anther
development requires large amounts of sugars (46 –48). Glu-
cose is the most important form of sugar used for energy in
anthers. Any decrease in glucose content in the anthers might
dramatically impair pollen development and cause male steril-
ity (46). Previous research has shown that a defect in the TCA
cycle also lead to male sterility (49). Our earlier study showed
that the major cellular defects in 1355A are the lack of spines
and thicker nexine in the pollen wall (4), and pollen wall devel-
opment requires sugar metabolism (16). The nexine contains
arabinogalactan proteins (26, 27), and pollen wall patterning is
determined during and soon after meiosis, but the precise com-
position of pollen wall and the precise mechanisms of pattern
formation remain elusive (19). Our results suggest that the
development of the nexine and the spines in the pollen wall are
related to sugar metabolism.

Figure 5. Fatty acid composition content in 1355A and 1355B anthers. (A) C14:0, (B) C16:0, (C) C18:0, (D) C18:1, (E) C18:2, and (F) C18:3 in the 1355A and
1355B anthers during stages 7, 8, and 12 are presented. Values are the mean � S.D. for three biological replicates. Asterisks indicate statistically significant
differences between 1355A and 1355B anthers (*, p � 0.05 and **, p � 0.01, Student’s t test).
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We also found reduced sugar contents in the 1355A tapetum
(Fig. 3, E–H). The tapetum is known to act as a supplier of
metabolites, nutrients, and sporopollenin precursors for
microspore development (22). A low accumulation of sugars in
the tapetum may cause defective tapetal development and male
sterility (50), and so we propose that abnormal carbohydrate
metabolism in the tapetum may play a major role in 1355A male
sterility. Interestingly, the spontaneous fluorescence signals
were reduced in the tapetal cells of 1355A anthers (Fig. 1, G and
H), indicating that the spontaneous fluorescence signals in the
tapetum may come from the derivatives of carbohydrate
metabolism, also linked to a defective pollen wall and the failure
of anther development.

On the other hand, pyruvate as a product of glycolysis and a
respiratory substrate also plays an important role in the TCA
cycle (43). Pyruvate metabolism is a key metabolic branch point
between carbohydrate metabolism and lipid metabolism. In
this study, we also found that the dihydrolipoyl dehydrogenase
gene was down-regulated at both transcriptional and transla-
tional levels in 1355A anthers, and the pyruvate dehydrogenase
activity was reduced at stage 8 (Fig. 4A), although glycolysis was
activated (Fig. 6). These results suggest that the accumulation
of acetyl-CoA feedback may inhibit the expression and activity
of pyruvate dehydrogenase in the 1355A anther.

Free fatty acid levels are enhanced in early anther
development of 1355A male sterility line

The pollen wall is mainly composed of sporopollenin (51, 52).
Increasing evidence indicates that the sporopollenin mainly
consists of complex aliphatic monomers including very long
chain fatty acid and their polyhydroxylated derivatives, and
phenolic compounds, suggesting that the lipid metabolism is
critical for sporopollenin biosynthesis (53, 54). In heterotrophic
eukaryotes, the synthesis of fatty acids usually occurs in the
cytosol, whereas in plants, de novo synthesis of fatty acids
mainly occurs in the plastids (55, 56); the elongation (�C18)
and modification (i.e. unsaturation, hydroxylation) of fatty
acids usually occurs in the endoplasmic reticulum or cytosol
(57). Our previous study showed that an abnormal fatty acid
pathway is associated with the formation of defective pollen
walls in 1355A anthers (4). In this study, proteomics analysis
showed that the fatty acid synthesis pathway was inhibited (Fig.
6), and the long chain fatty acid oxidation pathway was acti-
vated (Table S3), accompanied by increases in the content of
acetyl-CoA in 1355A. The GhACS1 gene (encoding acyl-CoA
synthetases) is required for normal microsporogenesis in early
anther development of cotton (58). Fatty acid content analysis
showed that C14:0 and C18:1 were increased in male sterile

Figure 6. Summary of the DEPs involved in central carbon metabolism and fatty acids synthesis. The pentose phosphate pathway, the glycolysis process,
the tricarboxylic acid cycle, and the fatty acid biosynthesis are presented. G6PD (6-phosphogluconate dehydrogenase, ssp7623), TPI (triose-phosphate
isomerase, ssp2201), PK (pyruvate kinase, ssp2703), LPD1 (dihydrolipoyl dehydrogenase, ssp8613), CSY4 (citrate synthase, ssp8508, ssp8520), SDH1–
1(succinate dehydrogenase, ssp6709), CAC2 (biotin carboxylase 1, ssp5602). The regions derived from the same 1355B and 1355A 2-DE gel, are given on the left
and right, respectively. The histogram and the representative 2-DE map are presented to show the results of 2-DE proteomic analysis. The heat map presents
the results of label-free quantitative proteomic analysis. The proteins highlighted in blue are the DEPs from the 2-DE proteomic analysis; the proteins high-
lighted in orange are the DEPs from the label-free quantitative proteomic analysis. Molecular weight (Mr) and isoelectric point calculated by using molecular
weight standards and the PD-Quest software.
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1355A during early anther development (Fig. 5, A and D). These
results suggest that the synthesis of fatty acids also played an
important role in the pollen wall development of cotton.

Conclusion

In summary, to rescue the sugar deficiency and fatty acid
excess, the translation and activity of pyruvate dehydrogenase
and fatty acid biosynthesis were feedback inhibited, and the
fatty acid �-oxidation was feedback activated in the 1355A
anther. However, the sugar content was still low, and the con-
tents of acetyl-CoA and free fatty acids C14:0 and C18:1 were
still high in 1355A. These results therefore support the view
that sugar deficiency and fatty acids excess are the key factors
contributing to the male sterility of 1355A.

Experimental procedures

Plant growth

The Gossypium hirsutum recessive genic male-sterile (RGMS)
two-type line (1355A and 1355B) was cultivated in the field
during the normal cotton planting season and in the green-
house during the winter in Wuhan, China, using standard farm-
ing practices. Identification of male-sterile plants and collec-
tion of anthers were performed as previously described (4). The
buds of the 1355A/B plant were photographed and stained with
I2-KI solution. The anthers at stage 7 (tetrad period) and stage 8
(uninucleate pollen period) were sampled by 2-DE and label-
free quantitative proteomics analysis.

Histological analyses

To investigate the cellular defects of the 1355A male-sterile
plants during pollen development, flower buds were harvested
from the 1355A/B plants and fixed in FAA (5% acetic acid,
10% formalin, and 50% ethanol (v/v)). Cross-sectioning was
conducted as previously described (4). The autofluorescence
of anther cross-sections was examined using a Zeiss Axio
Scope-A1 microscope.

Protein extraction, 2-DE, and MALDI-TOF/TOF analysis

Protein extraction was conducted as previously described by
Gao et al. (59) with minor modifications. Cotton anther tissues
were finely powdered in liquid nitrogen with 5–10% polyvinyl
pyrrolidone and incubated in extraction buffer 1 (10% (w/v)
trichloroacetic acid, and 0.1% (w/v) dithiothreitol (DTT) dis-
solved in precooled acetone and stored in �20 °C) for 15 min.
After centrifuging, the supernatant was carefully removed and
the precipitation was washed twice with cold acetone contain-
ing 0.1% DTT. The vacuum-dried powder was incubated in
extraction buffer 2 (30% sucrose, 0.1 M Tris-HCl (pH 8.0), 2%
SDS, 1 mM phenylmethanesulfonyl fluoride, and 1% DTT) with
an equal volume of Tris-saturated phenol (pH 8.0) for 1 h. The
collected phenol phase was precipitated with 5 volumes of 0.1 M

ammonium acetate in methanol. The protein pellets were
washed with 80% methanol, 100% methanol and acetone.
Finally, the protein was dissolved in lysis buffer (8 M urea, 2 M

thiourea, 2% CHAPS, 1% DTT, and 2% (v/v) immobilized pH
gradient (IPG) buffer, pH 4 –7). Protein concentration was
determined using a 2D quant kit (Bio-Rad).

2-DE was performed according to the kit protocol with mod-
ifications (Bio-Rad). Total protein (1.0 mg) from each sample
was, respectively, diluted in 350 �l of rehydration buffer (7 M

urea, 2 M thiourea, 4% CHAPS, 1% DTT, and 0.2% (v/v) IPG
buffer, pH 4 –7). After adding 1.0 �l of 1% bromphenol blue, the
mixtures were loaded on IPG strips (17 cm, pH 4 –7 nonlinear,
Bio-Rad). The strips were rehydrated for 12 h at 20 °C and
focused at gradient steps of 50 V for 0.5 h, 250 V for 0.5 h, 1,000
V for 0.5 h, and 8,000 V for 5 h, with a final step of 8,000 V for a
total of 60 kV-h. After equilibration for 15 min with equilibra-
tion buffer (6 M urea, 2% SDS, 0.375 M Tris-HCl, pH 8.8) con-
taining 2% DTT and 2.5% iodoacetamide, respectively, the IPG
strips were fixed on 12% acrylamide gels for second dimension
separation.

Then 2-D gels were incubated in fixed buffer (50% methanol,
10% acetic acid), and stained with Coomassie Brilliant Blue
solution (0.12% Coomassie Brilliant Blue G-250, 10% ammo-
nium sulfate, 10% phosphoric acid, and 20% methanol). Stained
2-D gels were photographed under a GS-800 calibrated densi-
tometer (Bio-Rad), and the protein spots were detected with
PDQuest software (Bio-Rad). After matching and volumetric
quantification, differences in protein content between 1355B
and 1355A anther samples were analyzed using Student’s t test
and calculated as the fold-ratio with a threshold of p � 0.05 and
fold-change of �2 or �0.5. Three biological repeats were per-
formed for each 2-DE image.

DEPs were excised from the gels. MALDI-TOF/TOF analysis
of DEPs was performed by the Applied Protein Technology
(Shanghai, China) as previously described (59). Both MS
and MS/MS data were integrated and processed using GPS
Explorer version 3.6 software (Applied Biosystems), and the
database was the uniprot-Gossypium.

Label-free quantitative proteomic analysis

Label-free quantitative proteomics was performed by Ap-
plied Protein Technology (Shanghai, China), and three biolog-
ical repeats were performed. For sample preparation, total pro-
teins from anther samples were precipitated by TCA/acetone
and dissolved in SDT lysis buffer (4% SDS, 100 mM Tris-HCl, 1
mM DTT, pH 7.6). After removing the detergent, DTT and
other low-molecular weight components, 100 �l of iodoacet-
amide was added to block reduced cysteine residues and the
samples were incubated for 30 min in darkness. 200 �g of pro-
teins for each sample were filtered and washed with 100 �l of
UA buffer (8 M urea, 150 mM Tris-HCl, pH 8.0) three times and
then twice with 100 �l of 25 mM NH4HCO3 buffer. Finally, the
protein suspensions were digested with 4 �g of trypsin (Pro-
mega, 317107) in 40 �l of 25 mM NH4HCO3 buffer overnight at
37 °C, and the resulting peptides were collected as a filtrate. The
peptides of each sample were desalted on C18 Cartridges
(EmporeTM SPE Cartridges C18 (standard density), bed inner
diameter, 7 mm; volume, 3 ml, Sigma), then concentrated by
vacuum centrifugation and reconstituted in 40 �l of 0.1% (v/v)
formic acid. Each fraction was injected for nanoLC-MS/MS
analysis. LC-MS/MS analysis was performed on a Q Exactive
mass spectrometer (Thermo Scientific) that was coupled to a
Easy nLC (Proxeon Biosystems, Thermo Fisher Scientific) for
3 h. MS data were analyzed using MaxQuant software version
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1.3.0.5 (Max Planck Institute of Biochemistry, Martinsried,
Germany). The time window (match between runs) was 2 min,
and the database was the uniprot-Gossypium (Table S9). Mass
spectrometry proteomics data have been deposited in the Pro-
teomeXchange Consortium via the PRIDE (60) partner repos-
itory with the dataset identifier PXD012398. Bioinformatics
analysis of Gene Ontology (GO) Annotation, Hierarchical
Clustering, and Protein–Protein Interact Network (PPI) were
performed by the Applied Protein Technology (Shanghai,
China).

Assays of total soluble sugar, fructose, sucrose, and glucose
content

Approximately 50 mg (fresh weight) of anther tissue was
homogenized in 1 ml of deionized water. The supernatant was
used for measuring the content of soluble sugar, fructose,
sucrose, and glucose. The detailed procedures were performed
as previously described (48, 61). Three biological replicates
were analyzed.

PAS and Lugol staining

PAS staining was conducted as previously described (62)
with modifications. For Schiff reagent preparation, 1 g of Fuch-
sin (Sinopharm Chemical Reagent Co., Ltd.) was dissolved in 80
ml of double distilled water, boiled, and stirred until the Fuch-
sin melted. Then, 20 ml of hydrochloric acid (Sinopharm
Chemical Reagent Co., Ltd.) and 1.5 g of sodium pyrosulfite
(Sinopharm Chemical Reagent Co., Ltd.) were added. The solu-
tion was stirred for 1 h and settled overnight in the dark. 2 g of
activated charcoal was added and after filtering the volume was
made up to 200 ml with ddH2O. Schiff reagent was stored in the
dark at 4 °C. To prepare the periodate solution, 0.4 g of perio-
date (Sinopharm Chemical Reagent Co., Ltd.) and 0.136 g of
sodium acetate (Sinopharm Chemical Reagent Co., Ltd.) were
dissolved in 35 ml of ethanol (95%) and 10 ml of ddH2O was
added. For hematoxylin solution preparation, 2 g of hematoxy-
lin (Sigma) was dissolved in 50 ml of ethanol and named solu-
tion A. 20 g of aluminum potassium sulfate (Sinopharm Chem-
ical Reagent Co., Ltd) was dissolved in 700 ml of ddH2O and
named solution B. Solutions A and B were mixed and 0.5 g of
sodium iodate was added. Finally, 25 ml of acetic acid was
added.

Anther cross-sections at stages 7 and 8 were rehydrated in an
ethanol gradient for 2 min and then incubated in periodate
solution for 10 min. After rinsing with ddH2O, the sections
were stained with Schiff reagent solution for 12 min, washed
with freshly prepared periodic acid (0.5%) three times, and
washed again with ddH2O for 10 min. Then the sections were
stained in hematoxylin solution for 2 min. Finally, sections were
hydrated in an ethanol gradient and photographed by light
microscopy. To observe the level of starch in anther wall, the
cross-sections of anthers at stages 7 and 8 were stained with
Lugol solution (Sigma).

Assays of pyruvic acid and acetyl-CoA content

A pyruvate assay kit (Solarbio) was used to measure the con-
tent of pyruvic acid in 1355A/B plants at stages 7 and 8, and an
acetyl-CoA assay kit (Sigma) was used to determine the content

of acetyl-CoA in anthers at stage 7. Approximately 50 mg (fresh
weight) of anther tissue was ground into a fine powder in liquid
nitrogen for these assays. Detailed methods were described by
the kit instruction (Solarbio). For assays of pyruvic acid, anther
powder was homogenized with extraction buffer in an ice bath,
and allowed to stand for 30 min. Then, the mixtures were cen-
trifuged (8,000 � g, 10 min) and the supernatant was collected.
75 �l of supernatant was mixed with 25 �l of reagent A, and
allowed to stand for 2 min. The mixtures were then mixed with
125 �l of reagent B and monitored at 520 nm using EnSpire
ELIASA (PerkinElmer Life Sciences). For assays of acetyl-CoA,
anther powder was homogenized with 100 �l of 1 M perchloric
acid on ice, centrifuged at 10,000 � g for 10 min, and then the
supernatant was neutralized with 10 �l of 3 M potassium bicar-
bonate, and cooled on ice for 5 min. 10 �l of samples with 40 �l
of acetyl-CoA assay buffer was added into duplicate wells of a
96-well plate, and then 10 �l of acetyl-CoA quencher was added
to correct the background created by free CoA and succinyl-
coA. The mixture was incubated at room temperature for 5 min
before adding 2 �l of quench remover, mixed well, and incu-
bated for an additional 5 min. Then 50 �l of reaction mixture
(40 �l of acetyl-CoA assay buffer, 2 �l of acetyl-CoA substrate,
1 �l of conversion enzyme, 5 �l of acetyl-CoA enzyme mixture,
and 2 �l of fluorescent probe) was added to each of the wells.
The mixture was mixed well and the reaction was incubated for
10 min at 37 °C in darkness. A blank sample for each sample by
omitting the conversion enzyme in the reaction mixture was
included as control. The fluorescence intensity was measured
at �ex � 535/�em � 587 nm.

Pyruvate dehydrogenase activity assays

To determine the activity of pyruvate dehydrogenase, �50
mg (fresh weight) of anther tissue was ground into a fine pow-
der in liquidnitrogen.Pyruvatedehydrogenaseactivitywasmea-
sured using a pyruvate dehydrogenase assay kit (Solarbio).
Anther powder was homogenized with 1 ml of reagent A and 10
�l of reagent B in an ice bath, and centrifuged (11,000 � g, 10
min) for collecting the supernatant. 10 �l of supernatant was
then mixed with 180 �l of reaction mixture, incubated for 10
min at 37 °C, and monitored at 605 nm using EnSpire ELIASA
(PerkinElmer Life Sciences).

Assay of ATP content

An ATP assay kit (Solarbio) was used to measure the ATP
content of anthers at stages 7 and 8. Approximately 50 mg
(fresh weight) of anther tissue was ground into a fine powder in
liquid nitrogen and ATP content was assayed according to the
kit instructions. The basic principle of measurement was that
hexokinase catalyzes glucose and ATP to synthesize 6-phos-
phate glucose, and 6-phosphate glucose dehydrogenase further
catalyzes 6-phosphate glucose dehydrogenase to generate
NADPH. NADPH has a characteristic absorption peak at 340
nm, and NADPH is proportional to ATP content. ATP was
extracted from the samples, and mixed with reaction mixture,
then the sample solution was incubated at 25 °C for 3 min, and
the absorbance was measured at 340 nm. ATP content was
calculated by the difference of the absorbance value. ATP stan-
dard was used for quantitative detection.
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Free fatty acids measurement

Approximately 50 mg (fresh weight) of anther tissue was
weighed into a 10-ml glass tube by adding 1.74 ml of mixture
solution, which contained 1.5 ml of 2.5% sulfuric acid, 40 �l of
standard sample (1 mg/ml of heptadecane), and 200 �l of
methylbenzene. Then, the sealed glass tubes were incubated
in a water bath at 85 °C for 2 h. After cooling for 30 min, 1.5
ml of 0.9% sodium chloride was added, and then the mixture
was shaken for complete mixing. Finally, 1.5 ml of 0.2% buty-
lated hydroxytoluene was added, followed by shaking, cen-
trifuging (400 rpm, 10 min), and collecting of the upper
phase. The extracts were filtered through a 0.22-�m nylon
membrane. The quality and quantity of fatty acids were
determined in a high performance GC-mass spectrometer
(GCMS-QP2010ULTRA), and were performed as previously
described (63).
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